Nitric oxide (NO) fumigation was conducted to determine the efficacy of controlling spotted wing drosophila (SWD), Drosophila suzukii Matsumura (Diptera: Drosophilidae), in strawberries and the effects on postharvest quality of strawberries under ultralow oxygen conditions at 2°C. Eight-hour fumigations with 1.0 and 3.0% NO were tested against different life stages of the insect to determine an effective treatment, and a 16-h fumigation was tested to determine the impact on strawberry quality. Complete control of eggs and larvae in strawberries was achieved in an 8-h fumigation with 3.0% NO, and the treatment achieved 98.8% mortality of pupae. The first and second instars were more susceptible to NO and were completely controlled with 1.0% NO fumigation. The 16-h fumigation treatment with 3.0% NO had no negative impact on strawberry quality as there were no significant differences from the control in berry damage score. The NO fumigation, however, significantly reduced mold 2 wk after fumigation, indicating that NO fumigation had potential to preserve strawberry quality. The results of this study demonstrated that NO fumigation is effective for control of SWD and safe to strawberries, and therefore, NO fumigation has potential to control SWD on harvested strawberries.
Spotted wing drosophila (SWD), Drosophila suzukii Matsumura (Diptera: Drosophilidae), is an important pest of small fruit in Europe and North America (Lee et al. 2011a ). In the United States, the economic loss caused by SWD exceeds $500 million annually in California, Oregon, and Washington (Walsh et al. 2011) , and the pest is spreading to other states. SWD flies use serrated ovipositors to break the host surface for egg deposition and larvae complete development inside ripening fruits. It is, therefore, difficult to control (Kaneshiro 1983 , Mitsui et al. 2006 , Steck et al. 2009 , Lee et al. 2011b , Walsh et al. 2011 , Calabria et al. 2012 . SWD is a quarantine pest in many countries and adversely affects exports of U.S. strawberries and other fruits. Exported small fruits from areas where SWD occurs must be fumigated with methyl bromide or be subjected to cold treatment to control the pest (Terauds et al. 1978 , Dentener et al. 1990 , Hansen et al. 2000 . Since methyl bromide use is being phased out globally, it may not be available in the future for quarantine treatment. Thus, alternative treatments are needed to control many postharvest pests on internationally traded products.
Nitric oxide (NO) is a ubiquitous cell signal molecule produced by almost all organisms to modulate various biochemical and physiological processes in most organisms (Culotta and Koshland 1992 , Müller 1997 , Beligni and Lamattina 2000 , Davies 2000 , Lamattina et al. 2003 . NO is also produced naturally in electrical discharges of lightning in thunderstorm and the combustion of fossil fuel by automobiles and power plant, and is also produced commercially as an intermediate of nitric acid production. NO has been used to treat certain respiratory and cardiovascular illnesses (Roberts et al. 1993 , Rossaint et al. 1993 , Ricciardolo et al. 2004 Moncada and Higgs 2006) and has been reported to enhance postharvest quality and extend the storage life of many fresh products, including strawberries (Wills et al. 2000 , Manjunatha et al. 2010 . Recently, NO was discovered to be a potent fumigant against various insect pests and has potential as a methyl bromide alternative for postharvest pest control (Liu 2013) .
NO reacts spontaneously with oxygen (O 2 ) to produce nitrogen dioxide (NO 2 ). Therefore, NO fumigation must be conducted under ultralow oxygen (ULO) atmospheres. NO fumigation is effective against all pests tested to date at different life stages, including both external and internal feeders (Liu 2013 (Liu , 2015 (Liu , 2016 (Liu , 2017 Liu et al. , 2017 . Treatment time ranges from 2-h to 2-d, depending upon insect species, NO concentration, and temperature. Small insects of field crops such as aphids and thrips are more susceptible to NO fumigation than stored product insects such as rice weevil and confused flour beetle (Liu 2013, Liu and . NO fumigation at higher temperatures was more effective than the fumigation at lower temperatures (Liu 2013 ). Effective control of SWD in sweet cherries was achieved with 3.0% NO fumigation in 8 h at 2°C .
Since NO reacts spontaneously with O 2 to form NO 2 , it is important to terminate NO fumigation treatment with N 2 flush to dilute NO before opening the chamber for aeration (Liu 2016) . A 3-h fumigation with 2.0% NO for thrips control was demonstrated to be safe to 10 fresh fruit and vegetables when the fumigation was terminated with an N 2 flush. The treatment injures lettuce, broccoli, squash, apple, peach, and pear when it is not flushed with N 2 at the end of fumigation (Liu 2016) . A 4-h fumigation with 1.0% NO also enhances postharvest quality of strawberries when terminated with an N 2 flush (Liu 2016) . Similarly, a 24-h fumigation with 5.0% NO completely controls codling moth larvae in infested apples and also helps to preserve postharvest quality of apples . There are no residue concerns for NO fumigation of fresh fruit and vegetables when terminated properly . NO fumigation was also reported to be technically feasible and costeffective for commercial postharvest pest control (Liu 2015) .
Although there are some data on efficacy of NO fumigation against SWD in sweet cherries and beneficial effects of NO fumigation for thrips control on strawberry quality (Liu 2015) , NO fumigation has not been demonstrated to control SWD in strawberries and whether developmental stages of SWD affect susceptibility to NO fumigation. It is also unknown whether and how much a NO fumigation treatment for SWD control in strawberries may affect strawberry quality. In this study, laboratory experiments were conducted to determine effects of NO fumigation treatments on the mortality of SWD at different developmental stages in strawberries and on the postharvest quality of strawberries.
Materials and Methods
Chemicals Commercial grade nitrogen (N 2 ) and NO (>99.5% purity) in compressed cylinders were used for all experiments and were obtained from a commercial source (Praxair, Inc., Danbury, CT). NO was released and stored in an N 2 -washed, foil bag equipped with stopcock for easy sampling with an airtight syringe.
Insects and Strawberries
SWD colonies were established in 2015 from laboratory colonies that were derived from a population in a strawberry field in the Salinas Valley of California and maintained by Driscoll's (Watsonville, CA). The colonies were reared on an artificial diet consisting dry potato, yeast, granular sugar, and water in a 1-liter clear plastic cup (12 cm in diameter × 13 cm in height) with a screen lid at 23.5 ± 0.5°C, 75 ± 5% relative humidity, and a photoperiod of 14:10 (L:D) h in an environmental chamber. New colonies were established as needed.
Commercial fresh strawberries in retail clamshell plastic boxes (0.9 kg/box) were obtained from local grocery stores for use in all experiments. Strawberries were visually inspected to identify and remove defective berries. Strawberries with similar sizes, color, and texture were selected and stored at 2°C for fumigation tests. Strawberries were exposed to SWD flies to have strawberries infested with SWD eggs for fumigation experiments. Strawberries were first coated with tapioca starch to increase shelf life so that SWD could complete development in the strawberries in up to 14 d after fumigation (Garcia et al. 2010) . Twenty strawberries coated with saturated tapioca starch emulsion were placed in a single layer in a plastic bucket (18.9 liter). The bucket was sealed with plastic stretch wrap (Sealwrap, AEP industries, Inc., South Hackensack, NJ). Over 200 SWD adults (♂ + ♀) were introduced into the bucket through an access opening on the wall with a sleeve and allowed to mate and oviposit on strawberries for 16 h before being removed with a vacuum powered aspirator. Infested strawberries were then individually sealed in small plastic cups (5 cm in diameter × 4 cm in height) covered with screened lids for NO fumigation treatments.
Nitric Oxide Fumigation of SWD in Strawberries
SWD at different immature stages in strawberries was subjected to 8-h fumigations with NO at different concentrations at 2°C to determine their susceptibilities to NO fumigation. Strawberries infested with SWD eggs were incubated at 23.5 ± 0.5°C for different durations to allow SWD eggs to develop to different life stages for fumigation tests. The times for SWD eggs to reach specific life stages were determined based on developmental times of SWD eggs on a thin layer of artificial medium in Petri dishes, and the same developmental rate on the artificial medium was assumed and used for the infested strawberries (Yang and Liu unpublished data) . The larval stage was estimated based on size. It took 2, 4, 6, and 8 d on average (with 0.5-d deviation for each stage) for eggs to develop to first, second, third, and pupal stages, respectively, at 23.5 ± 0.5°C.
NO fumigations of eggs, larvae, and pupae of SWD on strawberries were conducted under ULO conditions in sealed 1.9-liter glass jar chambers. Each jar had all the life stages, and the jars with infested strawberries were pre-chilled at the low treatment temperature of 2°C for overnight before being subjected to NO fumigation treatments. To start fumigation, chambers with infested strawberries were flushed with N 2 gas to establish ULO conditions (O 2 ≤ 35 ppm). NO gas from a pre-loaded foil bag was then injected into the chambers using an airtight syringe to establish calculated NO concentrations of 1.0 and 3.0% based on volume. The syringe and connecting tubing were flushed with N 2 before NO injection to avoid oxidation of NO. After injection, fumigation chambers and controls were then held at 2°C for 8 h to complete a fumigation treatment. Untreated infested strawberries in jars in the normal air and under ULO conditions held at the same temperature as the treatments were used as controls. The NO concentrations in fumigation chamber of each treatment were measured at the beginning and the end of fumigation in N 2 diluted samples using a NO Analyzer (NOA 280i, GE Analytical Instruments, Boulder, CO). At the end of a fumigation treatment, fumigation chambers were flushed with N 2 to dilute NO before opening the chamber for aeration. Cups with strawberries were then held at 23.5 ± 0.5°C in an environmental chamber to allow survivors to develop. At 15 d of posttreatment incubation, numbers of emerged SWD adults from each treatment were counted. Relative mortality of SWD for each treatment was calculated assuming all treatments had the same numbers of adults emerged as the control in the normal air if there were no treatment effects. Each treatment was replicated 10 times.
Nitric Oxide Fumigation of Strawberries
Strawberries in clamshell boxes from supermarket were fumigated in 7.6-liter chambers modified from pressure cookers with 3.0% NO for 16 h at 2°C to determine the effect of the treatment on strawberry quality. One chamber in each test was fumigated with 3.0% NO, and one chamber was used as a control. The fumigation chamber was flushed with N 2 to establish ULO conditions (O 2 < 35 ppm) and then injected with NO from a pre-loaded foil bag using an airtight syringe to establish 3.0% NO concentration. The chambers were stored at 2°C for 16 h. Fumigation was terminated by flushing the chamber with N 2 at 1 liter/min for 30 min before opening the chamber. The test was repeated three times. In total, about 360 berries free of obvious defects were used.
After fumigation, fumigated and control strawberries in clamshell boxes were stored in plastic boxes in a walk-in cooler at 2°C for 0, 1, and 2 wk for posttreatment quality evaluation. Approximately 180 strawberries (3.6 kg) from the fumigated treatment and 180 control strawberries were individually evaluated for damage to calyx and berry using previously described procedures (Liu 2008) . Berry damage, including bruising, decay, and surface disintegration, was evaluated according to levels of surface damage by area affected using a 1 to 4 visual scale according to Simpson et al. (2003) and Liu (2008) . Specifically, the visual scale of surface damage was scored as 1 (no damage), 2 (slight, ≤20% surface affected), 3 (moderate damage, 20-60% surface affected), or 4 (severe damage, >60% surface affected). Each berry was recorded for damage score, percentage of surface damage, and mold presence.
Data Analysis
Mortality data for each life stage of SWD were transformed by arcsin√x prior to Shapiro-Wilk test for normality and one-way analysis of variance. SWD mortalities among different NO fumigation treatments were compared by Tukey's HSD multiple range test at P = 0.05. For strawberry quality data, the two values for each parameter at each storage time were compared by Student's t-test for significant difference at P = 0.05. All statistical analyses were conducted using SAS program (PROC GLM; SAS Institute 2012).
Results
NO fumigation was effective against all life stages of SWD in strawberries. The 8-h fumigation treatments with 3.0% NO achieved complete control of eggs and larvae at 2°C (Table 1) . At 1.0% concentration, the NO fumigation had a complete control of second and third instar larvae and resulted in 80.2 and 90.1% mortalities of eggs and first instar larvae, respectively. Pupae were less susceptible to NO fumigation treatments, with 78.4 and 98.8% mortalities at 1.0 and 3.0% NO, respectively. Mortalities in the ULO controls varied depending on life stages and were significantly lower than the NO fumigation treatments for all life stages, and were significantly higher than the normal air controls for all life stages with the exception of the first instar (Table 1) .
NO fumigation had no negative effect on strawberry quality. All berries were damage free at the end of fumigation in both the treatment and the control. With increasing posttreatment storage time, berry damage scores and percentages of berries with surface damages increased (Table 2 ). There were no significant differences between the fumigated and the control in berry damage score and percentage of berries with different levels of surface damage at the ends of 1-and 2-wk posttreatment storage (Table 2) . At the end of the 2-wk posttreatment storage, strawberries from the 16-h fumigation treatment with 3.0% NO had similar percentage of berries free of surface damage (t = −2.13; P = 0.0998) but significantly lower percentage of berries with mold than control berries (t = 4.49; P = 0.0109; Table 2 ).
Discussion
NO is a newly discovered fumigant that was effective against a wide range of insect pests at various life stages (Liu 2013, Liu and . This study showed that NO fumigation has proven effective against all immature stages of SWD. Complete control of egg and larval stages was achieved in the 8-h fumigation treatment with 3.0% NO at 2°C. Complete control of first and second instars of SWD was achieved in the 8-h fumigation with 1.0% NO. These results confirmed the high efficacy of NO fumigation against SWD in our earlier study (Liu 2015) , which demonstrated 100% mortality of SWD after 8-h fumigation with 2.5% NO in cherries. SWD pupae were less susceptible to NO fumigation compared with other immature stages, with the mortality rate of 98.8% after 8-h fumigation with 3.0% NO at 2°C. Given that the 16-h fumigation with 3.0% NO was safe to strawberry quality, it is likely that a treatment longer than 8 h can be developed to control all life stages of SWD effectively and safely in strawberries.
SWD is difficult to control with contact pesticide sprays in the field because it develops inside the fruit. Therefore, effective postharvest treatment is critical to disinfest strawberries of quarantine pests for export markets. Our results showed a good potential of NO fumigation in managing SWD on harvested strawberries. NO fumigation not only control SWD successfully but also safe to strawberry quality. Strawberries fumigated with 3.0% NO for 16 h at 2°C had similar quality and less mold compared with those from the control. The reduced mold on NO-fumigated strawberries was consistent with antimicrobial properties of NO (Wills et al. 2000 , Schairer et al. 2012 ). The antimicrobial effects may also contribute to the extended shelf life of NO-fumigated strawberries. In earlier studies, fumigations with NO at lower concentrations were reported to enhance strawberry quality (Wills et al. 2000 , Manjunatha et al. *Total number of emerged SWD adults from all 10 replicates in each treatment. Relative mortality was calculated based on survivors in the normal air control and transformed by arcsin√x prior to ANOVA. Mean mortalities for each life stage followed by the same letter were not significantly different (Tukey's HSD multiple range test, P > 0.05; SAS Institute 2012). 2010, Liu 2016) . The results of this study demonstrated that strawberries can tolerate high NO concentrations and longer treatment times. As strawberries are relatively more delicate than most other fruits, it is likely that other fruits may also be able to tolerate fumigations with high NO concentrations and long treatment durations.
Due to the global phase-out of methyl bromide production, there is an urgent need for effective postharvest treatments to control quarantine and destructive pests on agricultural products. Methyl bromide fumigation caused high phytotoxic effects on some fresh products including vegetables and fruits and normally required longer posttreatment storage time for residues to decrease (Moffitt et al. 1992 , Hansen et al. 2000 . Phosphine fumigation usually has long treatment time and is also not effective against some pests due to tolerance or resistance (Hole et al. 1976 , Schlipalius et al. 2002 . There have been no reports of efficacious control of SWD by phosphine fumigation on strawberry or any other small fruit.
In comparison, NO fumigation can be safely applied to most if not all fresh products when terminated properly with N 2 flush. NO fumigation can be used at low storage temperatures for fresh products. Methyl bromide fumigation requires cold stored products to be warmed up to above 4.4°C and, thereby, may negatively affect product quality (Liu 2013) . Comparing with phosphine fumigation, NO fumigation has much shorter treatment times to achieve effective control of postharvest pests (Hole et al. 1976 , Liu 2013 . NO fumigation also has the advantage of greater food safety than most other fumigants. NO fumigation does not leave toxic residues on fresh products . The likely residues of NO fumigation are nitrate and nitrite, both of which occur naturally on food and are parts of nutrients. NO fumigation can help to preserve postharvest quality and extend postharvest storage life of some fresh products. For future research on postharvest NO fumigation treatment to SWD in strawberries, large-scale fumigation trials are needed to verify efficacy in controlling SWD and safety to strawberry quality. More efforts from scientific community and industry are needed to develop NO fumigation treatments for various fresh and stored products, develop commercial-scale NO fumigation protocols, and obtain regulatory approval in respective countries for NO fumigation to become a practical alternative for postharvest pest control and to benefit postharvest pest control and international trade of agricultural commodities. Table 2 . Effects of 16-h fumigation with 3.0% nitric oxide on berry damage, percentages of berries with different levels of surface damage, and mold incidence of strawberries immediately following treatment, and at 1 and 2-wk posttreatment storage 1.53 ± 0.06a 69.7 ± 6.1a 9.3 ± 1.5a 18.8 ± 3.7a 0.6 ± 0.6a 1.7 ± 1.0a 3.0 173 1.43 ± 0.03a 74.5 ± 1.7a 6.9 ± 1.0a 18.0 ± 1.1a 0a 0.6 ± 0.6a 2 CK 177 2.25 ± 0.06a 27.5 ± 7.6a 24.6 ± 3.9a
28.3 ± 4.5a 11.4 ± 1.2a 12.1 ± 1.9a 3.0 174 2.18 ± 0.09a 41.8 ± 1.7a 16.2 ± 1.9a 27.0 ± 1.8a 11.0 ± 0.8a 4.1 ± 0.7b
Mean ± SE were presented. Percentage data were transformed by arcsin√x prior to statistical analysis. Means for each time of posttreatment storage time followed by the same letter were not significantly different (Student's t-test, P > 0.05; SAS Institute 2012).
